The 19 F(α,p) 22 Ne reaction is considered to be one of the main sources of fluorine depletion in AGB and Wolf-Rayet stars. The reaction rate still retains large uncertainties due to the lack of experimental studies available. In this work the yields for both exit channels to the ground state and first excited state of 22 Ne have been measured and several previously unobserved resonances have been found in the energy range E lab =792-1993 keV. The level parameters have been determined through a detailed R-matrix analysis of the reaction data and a new reaction rate is provided on the basis of the available experimental information.
either via the p 0 channel to the ground state of 22 Ne or by the p 1 channel to the first excited state of 22 Ne. The subsequent emission of a 1.27 MeV photon from the decay of the first excited state (2 + ) to the ground state (0 + ) of 22 Ne can also be observed. The dark rectangle above 23 Na represents the energy region studied in this work. White regions above and below it correspond to energies where the cross sections were extrapolated.
I. INTRODUCTION
Fluorine is by far the least abundant of the elements with atomic mass between 11 and 32.
While several nucleosynthesis scenarios have been proposed for the production of fluorine, a unique site for the origin of this element has not been identified yet.
Presently three different scenarios are being discussed for the origin of fluorine. One possible process is the neutrino dissociation of 20 Ne in supernovae type II [1] . A second scenario is the pulsating He-burning stage in AGB stars [2] and the third possibility is the hydrostatic burning of helium in Wolf-Rayet stars [3] . It may be possible that all three sites contribute to the formation of fluorine in the universe [4] . So far, the only extra solar system objects in the galaxy where fluorine has been observed are AGB stars [5] and post-AGB star configurations [6] .
Fluorine nucleosynthesis in AGB stars takes place in the hydrogen-helium intershell region where the 14 N ashes from the preceding CNO burning are converted to 18 F by α-particle captures (a similar reaction path is followed by Wolf-Rayet stars). The unstable 18 F isotope decays with a half life of 109.8 minutes to 18 O. Both a proton or an α-particle can be captured by 18 O. In the former case, 4 He and 15 N are being produced, while in the latter case 22 Ne is formed. This second possibility does not produce fluorine. The alternative 18 O(p,α) 15 N(α, γ) 19 F capture reaction is the main fluorine production link in this scenario.
The abundance of 15 N depends sensitively on the hydrogen abundance in the inter-shell region. Hydrogen has been depleted in the preceding CNO burning but can be regenerated through the 14 N(n,p) 14 C reaction, with the neutrons being produced by the 13 C(α,n) 16 O reaction. Additional protons may be mixed into the region when the convective envelope penetrates the intershell region at the end of the third dredge up (TDU). 14 C produced by this reaction provides a second link for the production of 18 O via 14 C(α, γ) 18 O. 16 O reaction. All this, however, is strongly correlated with the existing proton and α-particle abundance at the fluorine synthesis site.
The reaction rate for 19 F(α,p) 22 Ne is highly uncertain at helium burning temperatures.
Even recent nucleosynthesis simulations [7] still rely on the very simplified rate expression of Caughlan and Fowler (CF88) [8] based on an optical model approximation for estimating the cross section of compound nuclear reactions with overlapping resonances. This approach was originally developed [9] and employed [10, 11] for cases where no experimental information was available. This reaction rate is in reasonable agreement with more recent
Hauser-Feshbach estimates assuming a high density of unbound states in 23 Na [12] . Other 19 F nucleosynthesis simulations [13, 14] rely on the sparse experimental data available for 19 F(α,p) 22 Ne for E lab =1.3 MeV to 3.0 MeV [15] , estimating also possible low energy resonant contributions from known α-particle unbound states in 23 Na [16] . For example, in their approach they approximated the reaction rate by only considering the resonance contributions of the various states neglecting possible interference effects and broad-resonance tail contributions. In this paper we describe a new measurement of 19 F(α,p) 22 Ne at lower energies.
In our study we explored the reaction for E lab =792 to 1993 keV at different angles. The pronounced resonance structure was analyzed in terms of the multi-channel R-matrix model using the recently developed R-matrix code AZURE [17] . Energy regions not measured here were also included in the computation of the stellar reaction rate by using a combination of data available in the literature and our experimental results to extrapolate the reaction cross section. Possible low energy resonances were taken into account sampling characteristic α-particle partial widths of the known α-particle unbound states in 23 Na, while deriving the corresponding proton partial width from the available elastic scattering data in the literature [18] . Interference terms were modelled with Monte Carlo simulations. In section 2
we describe the experimental setup and the experimental procedure. The R-matrix analysis of the experimental data and the determination of the nuclear parameters of resonances is described in section 3. Finally, the experimental and extrapolated reaction rates (with error bars) are presented and discussed in section 4.
II. EXPERIMENTAL METHOD
The destruction of 19 F by an α-particle capture occurs mainly by a resonant reaction process through the 23 Na compound nucleus in an excitation range of high level density.
The populated resonant levels will decay by proton emission to the ground state (p 0 ) or first excited state (p 1 ) of 22 Ne. This study included the direct measurement of the 19 F(α,p) 22 Ne reaction by detecting both p 0 and p 1 protons (see [19] and [20] ) as well as the additional measurement of the p 1 channel via the detection of the γ-ray transition [21] from the first excited state (2 + ) to the ground state (0 + ) of 22 Ne (see figure 1 ).
The experiment was performed at the Nuclear Science Laboratory of the University of Notre Dame using the 3.5 MV KN Van de Graaff accelerator. In a first run, the excitation curve of 19 F(α,p) 22 Ne was investigated between E lab =1224 keV and 1993 keV. For this experiment two Si surface barrier detectors with a depletion depth of 300 µm were mounted at forward angles, while one 100 µm Si detector was positioned at a backward angle. These thicknesses were sufficient for stopping the reaction protons. The effective solid angle of the detectors at each position configuration was determined using a mixed 241 Am and 148 Gd α-particle source with a known activity placed at the target position. In total 483 proton spectra were acquired and for every energy, one elastic scattering α-particle spectrum was taken. The stoichiometry of targets was constantly monitored with back-scattered α-particles. For any two detectors with the same absolute efficiency the relative count rate is independent of target stoichiometry and beam intensity, as expressed by
N 1 (E, θ) and N 2 (E, θ) corresponds to the number of events in detectors 1 and 2, respectively,
dΩ 2 lab/cm is the solid angle correcting for center of mass to the laboratory system, and
are the differential cross sections measured at detectors 1 and 2, respectively. The differential cross section of the 19 F(α,p) 22 Ne reaction was determined relative to the differential cross section for elastic scattering measured at 160 o . It has been shown by Huang-sheng et al.
[22] and by Cseh et al. [23] that below E lab =2.5 MeV the elastic scattering of 4 He on 19 F follows the Rutherford law,
Z 1 and Z 2 are the atomic numbers of projectile and target, respectively, e is the proton electric charge and e 2 =1440 keV fm, E is the relative energy of target and projectile in the center of mass system, and θ is the center of mass angle at which the elastically scattered particles are observed. Within the small thickness of the target (27±5 keV) the stopping cross section ǫ is assumed to be a constant. The variation of the elastic differential cross section across the target thickness is also very small. Therefore the elastic yield can be expressed as
Subsequently the target integrated proton yield Y p can be expressed relative to the elastic scattering cross sections as
The energy dependence of the stopping power dE/dx of 4 He is well known for both calcium and fluorine [24] . The stopping power for fluorine was fitted to a quadratic polynomial function given by
A similar relation was determined for the calcium stopping power. The partial stopping cross section ǫ for each of the nuclear species in the target is described by:
where
with ν the number of atoms per molecule, ρ the density of the target (again assuming the evaporated material has the same density as the powder used before target preparation), N A the Avogadro number, and A the mass number. The total stopping cross section of the calcium fluoride target depends critically on the target stoichiometry
The ratio
measured in the evaporated target layer does not necessarily reflect the stoichiometry of the material before being evaporated. It was reported in previous work [25] that evaporated CaF 2 shows a stoichiometric calcium to fluorine ratio of 1: Both peaks appear clean of background and are easy to identify. The spectrum at E lab =1100 keV shows two groups of protons, still well isolated from the background. Finally, a spectrum at E lab =792 keV, where no proton groups were positively identified is shown. The integrated charges are (in µC) 1981, 180647, and 519252, respectively.
In a second set of experiments we measured the proton yield at lower energies. The experimental setup was designed to perform the measurements with higher beam currents and larger detector solid angles to compensate for the drop in reaction cross section. Two Si detectors were mounted on the rotating plate with aluminum holders. Collimators were placed in front of the detectors and pin hole-free Al foils were used to stop the elastically scattered α-particles, while allowing the protons to reach the surface of the detectors. Both detector holders and the rotating plate were electrically isolated from the rest of the chamber.
The detectors had an effective detection area of 450 mm 2 . The solid angles for both detectors were determined using a mixed 241 Am+ 148 Gd α-particle source of known activity mounted at the target position. We measured them to be 0.130±0.026 and 0.133±0.027 steradians, respectively.
With the chamber at the perpendicular target position and both detectors at 135 o , a total of 540 spectra were acquired for laboratory energies between 792 and 1380 keV. Typical spectra are shown in figure 2 ; the last spectrum taken (E lab =792 keV) does not show identifiable proton groups. Subsequently, the chamber was reoriented to the 45 o target position.
The detectors were mounted at 150 o and 120 o with respect to the beam direction and 178 spectra were taken. Finally, the detectors were mounted at 75 o and 105 o with respect to the beam direction and 69 spectra were measured.
In this experimental configuration the reaction yield could not be normalized to elastic scattering because of the thick target backing material. The yield was therefore measured relative to the accumulated charge on the target during each run. The reaction yield Y p (θ)
for the detector mounted at angle θ is derived from the number of registered proton events
where N α is the accumulated charge, ǫ p is the absolute detection efficiency (assumed to be 1 for charged particles and Si detectors at very low count rates), and dΩ p is the solid angle subtended by the detector.
The differential cross section can be directly derived from the reaction yield normalized to the yield of the E lab =1.37 MeV resonance as measured in the first experiment. This depends critically on the stability of the fluorine content in the target material. Since the amount of fluorine decreases with accumulated charge, the reaction yield needs to be corrected accordingly. During the experiment the yield of the E lab =1.37 MeV resonance was monitored frequently to correct for target degradation. The on-resonance thick target yield Y tt as a function of accumulated charge N α can be expressed by the linear relation:
with a and b as constants. The measured yield of the observed protons Y p (E) was corrected for target degradation in terms of the accumulated charge to in terms of the R-matrix theory.
III. MULTICHANNEL R-MATRIX ANALYSIS
For the analysis of the experimental data we used the A-matrix version of the computer code AZURE [17] . AZURE is a multichannel and multilevel code that implements the Aand R-matrix formalisms as presented by Lane and Thomas [27] . hand, approximated by varying the width amplitudes.
Interference patterns between the various resonances were determined by iteratively probing the contribution to yield curves of levels within groups of the same J π . The sign of the width amplitudes was flipped one by one for all the (s,l) channels. These steps were repeated iteratively several times until the theoretical curves resembled the dataset. The resulting set of parameters was then used as input to the R-matrix code coupled to the χ 2 minimization routines. Every time a calculation was performed all 20 excitation curves were examined.
The target thickness ∆ used for each of the yield curves is shown in table I. 
IV. THE REACTION RATE
The thermonuclear reaction rate has contributions from three energy regimes: a) the region measured experimentally in this work, spanning from E lab =792 keV to 1993 keV, b) the region below E lab =792 keV (not measured), and c) the region above E lab =1993 keV (not measured here as well).
The contribution to the rate from our experimental dataset was calculated by integrating numerically the total cross section σ(E) over the Maxwell-Boltzmann distribution of stellar gas at temperature T Here E is the energy of the particles in the center of mass system, N A is Avogadro's number, k is Boltzmann's constant, µ the reduced mass, and T the temperature of the gas. The total cross section σ was derived from the R-matrix calculation with the recommended values of formal parameters. Both p 0 and p 1 components are shown in figure 6 . Upper and lower limits of the total cross section and the reaction rate in this energy regime were computed by sampling the parameter space defined by the upper and lower values of the fitting parameters with a Monte Carlo technique. All parameters were varied simultaneously and a total of 10,000 parameter sets were produced. The reaction rate for each parameter set was calculated with equation 12 and all resulting rates were compared with each other.
The highest (lowest) value obtained corresponds to the upper (lower) limit of the reaction rate.
The contribution to the reaction rate from resonances below E lab =792 keV, which were not measured in the present experiment, was considered as well. Previous studies through other reaction channels do indicate several unbound states in 23 Na in this energy range near the α-particle threshold [16] , which may contribute significantly to the 19 F(α,p) 22 Ne reaction. Most notably, detailed elastic proton scattering measurements were performed for this energy range in 23 Na [18] , and provide important information necessary for estimating the contributions of these lower energy states to the reaction rate. Resonances observed in the 22 Ne(p,p) 22 Ne and 22 Ne(p,p') 22 Ne channels were used to define the spins, parities, energies, and both proton p 0 and p 1 partial widths of contributing states. On the other hand, α-particle partial widths Γ α were obtained by adopting the experimentally known α-particle reduced widths γ 2 α determined in the high energy range. Energies and reduced widths obtained with the R-matrix analysis were used to calculate the logaritmic average < log(γ 2 α ) > for each J π group (see figure 7) . The extrapolated reduced α-particle width amplitude for a state with parameters (J,π) was chosen to be
Extrapolated upper (lower) limit values of the reduced α-particle widths were set equal to the highest (lowest) γ Finally, the contribution to the reaction rate from resonances above E lab =1993 keV was computed by extrapolating our experimental rate to higher temperatures by following the energy dependence of the Hauser-Feshbach rate MOST [30] . We did not perform an Rmatrix analysis due to the current uncertainty of spins and parities of excited states in 23 Na in this energy region, for which several experimental works have been published (for example see [15, 23, 31, 32] ). Over one hundred resonances have been identified for 2.0 ≤ E lab (MeV) ≤ 4.7, but the data has not been able to constrain the spins and parities of most of the states. The average level density is 0.04 keV −1 , high enough to apply the HauserFeshbach formalism for calculating the reaction rate [33] . At the upper limit of the Gamow window corresponding to our experimental data (T=1×10 9 K), the agreement between the Hauser-Feshbach and our R-matrix calculated rate is very good. We used the experimentally determined reaction rate here to renormalize the MOST values above this temperature.
The total reaction rate consists, for temperatures below T=1×10 9 K, of the sum of the rate from the R-matrix analysis of our experimental data and the rate calculated from extrapolated Monte Carlo cross sections at the lowest energies, and of the Hauser-Feshbach renormalized rate above T=1×10 9 K. The resulting reaction rate is shown in table III. Figure 9 shows the total reaction rate relative to the phenomenological rate estimate of CF88. Shown are the Hauser-Feshbach model predictions using the codes MOST and NON-SMOKER relative to the CF88 predictions. Also compared is the rate estimate of Lugaro et al. [13] , which is based on a single non-interfering resonance approximation.
The new rate is significantly higher (about one order of magnitude in the stellar temperature regime) than the rate based on the assumption of single non-interfering resonance levels of Lugaro et al. [13] . This can be attributed to the fact that the new rate is calculated from non-narrow resonance contributions, as given by the R-matrix analysis. Also, the CF88 rate is very similar to the new rate, except for the astrophysically relevant temperature T
= 3×10
8 K, where it is close to a factor of 10 smaller. However, the statistical model predictions overestimate the reaction rate and can be rejected at a 95% confidence level for 2.5
< T (10 8 K) < 5.5. For the highest temperatures, the new recommended rate differs from the statistical model predictions by a renormalization factor (0.62).
The main source of uncertainty in the new rate at AGB star temperatures comes from the uncertainty in the extrapolation of the reaction cross section. Experimental work below E lab =800 keV is required to constrain the partial α-particle widths and the interference pat- p 1 ) observed. An R-matrix analysis of the data was performed to determine the differential and total reaction cross sections in the investigated excitation energy range. The cross section is characterized by many broad resonances tailing into the low energy range. Possible additional resonance contributions in that excitation range were predicted in a Monte Carlo cross section analysis on the basis of available data on the nuclear level structure of the 23 Na compound nucleus. The predicted contributions were included in the final reaction rate analysis. A full analysis of the impact of this new rate on the fluorine production in AGB stars will be presented in a subsequent paper.
